Chemical element dynamics in decomposing leaf litter 
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Chemical element change in decomposing aspen and balsam poplar leaves was followed for 60 
months in an aspen woodland site in southwestern Alberta, Canada. The changes in concentra- 
tion and weights of the various elements and in several C:element and element:element ratios are 
discussed and compared with literature findings and with the concentrations, weights, and ratios 
encountered in the soil layers. 

The initial concentrations of all elements, except K and Na, were similar in both aspen and 
balsam leaf litter; K was higher initially in balsam leaf litter and Na was higher initially in aspen 
leaf litter. In the decomposing leaf litter, the concentrations of N, Ca, Zn, Mg. Fe, Mn, Cu, and Na 
generally increased with time while the concentrations of P and K decreased. A decrease in 
weight was noted for N, P, K. Ca, Mg, and Zn during decomposition while an increase was found 
for Fe, Mn, Cu, and Na. The order of mobility of elements after 60 months in decomposing aspen 
and balsam leaf litter was K > Na > P> Zn > Mg>Ca> N> Mn>Cu> Fe. The effects of site 
aspect on elemental loss, the elemental change in aerial litter bags, the components of elemental 
change, and models of elemental loss are discussed. 
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Les auteurs ont suivi, pendant 60 mois, les changements dans la composition en éléments 
chimiques au cours de la décomposition de feuilles du Populus tremuloides et du P. balsamifera, 
dans une tremblaie du sud-ouest de l'Alberta au Canada. Ils discutent les changements de 
concentration et de poids des divers éléments et de différents rapports carbone:élément et 
élément:élément. Ils comparent les valeurs obtenues à celles rapportées dans la littérature ainsi 
qu'aux poids et aux rapports qui existent dans les horizons du sol. 

Les concentrations initiales de tous les éléments, excepté le K et la Na, étaient semblables chez 
le P. tremuloides et le P. balsamifera: le K était plus élevé au départ dans la litière du P. 
balsamifera alors que dans la litière du P. tremuloides c'était le Na qui était te plus abondant. 
Dans les litières en décomposition les concentration de N, Ca, Zn, Mg. Fe, Mn, Cu et Na ont 
augmenté en général avec le temps alors que les concentrations de P et K ont diminué. Il y a eu 
diminution en poids de N, P, K, Ca, Mg et Zn au cours de la décomposition alors que des 
augmentations se sont manifestées pour le Fe, Mn, Cu et Na. Après 60 mois, la mobilité des 
éléments dans les litières du P. tremuloides et du P. balsamifera était K > Na> P> Zn > Mg> 
Ca> N > Mn>Cu> Fe. Lesauteurs discutent les effets de la station sur la perte en éléments, les 
changements en éléments dans des sacs de litière aériens, les composantes du changement en 
éléments, et des modèles de perte d’éléments. 

[Traduit par le journal] 
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This paper describes chemical element release 


Nutrient elements retained in particular plant 
parts, e.g., leaves, twigs, bark, and reproductive 
materials, at the time of physiological death are 
returned to the soil surface as plant litter. The sub- 
sequent release of these elements during decompo- 
sition completes, and begins again, the cycling of 
elements within the soil-plant system. The rates at 
which these nutrients are utilized in unaltered ter- 
restrial ecosystems are determined mainly by the 
rates at which those elements are released from 
plant litter by decomposition (Thomas 1970). Par- 
ticular patterns of litter fall, humification, and de- 
composition are characteristic for differing forest 
types, and these are the factors determining the 
course and rate of the recycling of nutrients (Olson 
1963). 


from decomposing Populus tremuloides Michx. 
and P. balsamifera L. leaf litter in the litter decom- 
position experiments reported in Lousier and Par- 
kinson (1976). The dynamics of element release 
were followed over 60 months and were compared 
with the spatial and temporal dynamics of soil ele- 
ments described in a paper by Lousier and Parkin- 
son.! Some C:element and element:element ratios 
have been determined to help in distinguishing re- 
lease patterns. The C:element ratios indicate the 
relationships of element release patterns to dry 
weight losses: i.e., if the ratio increases, the ele- 
ment is being released through leaching or 


'Lousier, J. D., and D. Parkinson. Organic matter and chemi- 
cal element dynamics inanaspen woodland soil. In preparation. 
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mineralization processes; if the ratio decreases, the 
element is being accumulated either biologically or 
physicochemically; and if the ratio remains con- 
stant, the release of the element is related to dry 
weight loss. The numerical value of the C:element 
ratios is termed critical if it is the value at whichthe 
element begins to be released or if it represents the 
heterotroph demand for the element. Element:ele- 
ment ratios can indicate loss pattern relationships 
(and possible biological and (or) chemical relation- 
ships) between elements: i.e., is a particular ele- 
ment limiting and do limiting elements as well as 
any other elements influence the recycling of other 
elements? 

The objectives of this paper are (1) to follow the 
changes in concentration and weight of N, P, K, 
Ca, Mg, Mn, Fe, Na, Cu, and Zn in decomposing 
leaf litter: (2) to describe the effects of site aspect on 
chemical element change in decomposing leaf lit- 
ter; (3) to determine chemical element change in 
aerial litter bags; (4) to assess the components of 
elemental change; and (5) to discuss elemental loss 
models. 


Site Description 


The main study site was a cool temperate aspen 
woodland at 1400 m in the front range of the Rocky 
Mountains, Alberta, Canada (51°2’N, 115°4' W). 
The woodland was on a well-drained, south-facing 
slope at the northern end of the Kananaskis Valley. 
The climate of the region is essentially continental, 
characterized by short, dry summers and relatively 
long cold winters with intermittent, warm, chinook 
winds (Kirby 1973). The soil has been classified in 
the orthic gray luvisol subgroup (Karkanis 1972) 
and has a surface organic horizon that is easily 
divided into L, F, and H layers (Lousier 1974). Data 
on some soil and atmospheric conditions for the 
region were given in Lousier and Parkinson (1976). 

The tree layer of vegetation was dominated by 
trembling aspen (Populus tremuloides Michx.), 
with balsam poplar (P. balsamifera L.) being less 
frequent in occurrence. The understory was com- 
posed mainly of various grasses and herbs and of 
wild rose shrubs. More details on the vegetation of 
the area were given in Dennis (1970) and Lousier 
(1974). 

Five other aspen stands with north and (or) 
northwest exposures were selected as auxiliary 
plots (Lousier and Parkinson 1976). These plots 
were completely deciduous and were as similar as 
possible to the main aspen woodland plot in terms 
of tree density, type, age, and species of understory 
vegetation, 
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Methods 


Leaf Litter Decomposition 

Two sets of tree leaf litter decomposition experiments were 
carried out: a long-term study, covering 5 years and using 10-mm 
mesh hairnets as litter bags, and a short-term study, lasting 3 
years and using 3-mm mesh square litter bags (Lousier and 
Parkinson 1976). For both of these two groups of experiments, 
leaves of aspen and balsam were caught in aboveground nets, air 
dried to a constant weight for 3 weeks (at 21°C), enclosed in litter 
bags, and placed in field plots. The long-term study bags were 
sampled annually while the short-term study bags were sampled 
at the following intervals after placement in the field: 1, 5, 8. 12, 
18, 24, 30, and 36 months. At each sampling time, the retrieved 
bags were returned to the laboratory, extraneous material was 
removed, and the wet weight of the leaf material was measured. 
The material was reweighed after oven-drying at 80°C for 48 h. 
The contents of each bag were then analyzed chemically. 


Chemical Analysis 

The dried samples of each litter type were Jumped and mill 
ground, and a subsample was analyzed on a CHN analyzer 
(Hewlett-Packard, model 185) for the total carbon, hydrogen, 
and nitrogen. Separate subsamples were acid digested (nitric 
acid ~ perchloric acid) and were analyzed for Ca, Mg. K, Na, Zn, 
Mn, Cu, and Fe by atomic absorption spectrophotometry 
(Perkin-Elmer, model 303), and for total phosphorus by the 
molybdenum blue method. 


Results and Discussion 


Elemental Change 

The changes in concentration and amount of 
each element over the 60-month experimental 
period in aspen and balsam litter are illustrated in 
Fig. 1. Sample size for each point plotted was one 
because all the bags of each litter type at each 
sampling time were combined and mixed; the sam- 
ples for chemical analysis were taken from this 
composite. Consequently, the data presented in 
Fig. 1 are without confidence limits. Changes in 
some C:element and element:element ratios are 
listed in Table 1. 

Those elements that increased in concentration 
with the depth of the litter bag in the litter layers (in 
other words, the age of the leaf litter) were N, Ca, 
Zn, Mg, Fe, Mn, Cu, and Na. Those that increased 
with depth in the soil layers were Fe, Mn, Na, Cu, 
Zn, and K. The concentrations of P and K de- 
creased with age of litter while the concentrations 
of Ca, Mg, P, and N decreased with depth in the soil 
layers. All the elements studied increased in abun- 
dance with depth in the soil layers, while Fe, Mn, 
Cu, and Na increased and P, K, Ca, Mg, N, and Zn 
generally decreased in weight with the age of the 
litter. The initial concentrations of all elements ex- 
cept K and Na were similar in both aspen and 
balsam leaf litter; Na was higher initially in aspen 
and K was higher initially in balsam leaf litter. 
Based on the information in Fig. 1, the order of 
mobility of elements after 60 months in decompos- 


LOUSIER AND 


mg g 


mg per litter bag 


BALSAM 


mg per litter bag 


mg per litter bag 
Mm > a a 
© © © © © o 


æ 80 

D 

5 60 

3 40F 

non 

€ 20} 

0 J 
0 10 20 30 40 50 60 

A MONTHS AFTER BURIAL IN THE FIELD 


PARKINSON 


mg per litter bag 


BALSAM 


mg per litter bag 


200 


mg per litter bag 


BALSAM 


mg per litter bag 


0 10 20 30 40 50 
MONTHS AFTER BURIAL IN THE FIELD 


2797 


60 


Fic. 1A. Changes in concentration and weight of N, K, P, and Ca over the first 60 months of decomposition of leaf litter on 


the soil surface. 


2798 CAN. J. BOT. VOL. 56, 1978 


mg per litter bag 
(x 4074) 


BALSAM 


mg per litter bag 
(x 1074) 
> 
T 


mg q 


mg per litter bag 


BALSAM 


mg per litter bog 


0 10 20 30 40 50 
MONTHS AFTER BURIAL IN THE FIELD 


60 


mg per litter bag 
{x 1074) 


Fe BALSAM 


mg per lifter bog 
(x 1074) 
N 
© 


mg per litter bag 


Zn BALSAM 


le] 
> N = 


mg per litter bag 
{x 1073) 


0 10 20 30 40 50 60 
MONTHS AFTER BURIAL IN THE FIELD 


Fic. 1B. Changes in concentration and weight of Mn, Mg, Fe, and Zn over the first 60 months of decomposition of leaf litter 


on the soil surface. 


LOUSIER AND PARKINSON 


Na BALSAM 

7 oor 
le 
€ 0050 

0 
D 
Z aL 
ow 
Ee 2 
gr Al 
£ 


0 40 20 30 40 50 60 
MONTHS AFTER BURIAL IN THE FIELD 


C 


2799 


{x 4075) 


mg per litter bag (x 4075) 


0 10 20 30 40 50 60 
MONTHS AFTER BURIAL IN THE FIELO 


Fic. 1C. Changes in concentration and weight of Na and Cu over the first 60 months of decomposition of leaf litter on the 


soil surface. 


ing aspen and balsam leaf litter was K > Na> P> 
Zn > Mg > Ca > N > Mn > Cu> Fe, comparing 
generally with mobility series from a few limited 
studies reported in the literature (Kornev 1959; 
Remezov 1961; Marchenko and Karlov 1963; 
Rochow 1975; Rapp 1971; Wood 1974; Krauter 
1976) and differing from others (Attiwill 1968; Boyd 
1971; Lemée and Bichaut 1973; Ulrich et al. 1971; 
Cole et al. 1967; Reiners and Reiners 1970; van 
Cleve and Noonan 1975; Töth et al. 1975; Gosz et 
al. 1976) (Table 2). 

The results of this study are comparable with and 
complementary to those compiled by Hodkinson 
(1975) for terrestrial plant litter decomposing in a 
beaver pond ecosystem about 1.5km east of the 
aspen woodland and by Krauter (1976) for decom- 
posing Epilobium angustifolium L. leaves and 
stems in the aspen woodland study site. Further 
data on chemical input by various litter compo- 
nents are available in Cragg et al. (1977). 


Nitrogen 

N in forest litter is in short supply and most of it is 
therefore retained, primarily by the microor- 
ganisms (Gosz et al. 1973). During decomposition 
the amount of carbon is progressively reduced, 


thus causing an increase in N concentration. This 
does not, however, explain increases in weight of N 
in the litter bags. Various authors have attempted 
to explain such increases in weight of N: microbial 
fixation of atmospheric N (Olsen 1932; Remacle 
1970, 1971; Lemée and Bichaut 1973; Wood 1974), 
throughfall (Gilbert and Bocock 1960; Bocock 
1963, 1964), dust, insect frass, and green litter 
(Bocock 1963), and fungal immobilization and (or) 
translocation (Harley 1971; Anderson 1973b; Gosz 
et al. 1973; Wood 1974); depending on localized 
environmental conditions, any or all of the above 
phenomena may act in some combination to in- 
crease the amount of N in the litter in the aspen 
woodland. The increase in weight of N in the aspen 
and balsam leaf litter occurred during the first 8 to 
12 months of decomposition, i.e., before being 
covered by subsequent tree leaf litter fall, and dur- 
ing the period of maximum weight loss and leach- 
ing. Chemical analyses of aerial aspen litter bags 
(Table 5) indicated a substantial increase in N con- 
centration over the course of 10 months to levels 
similar to those in aspen litter bags on the ground. 
Dry weight loss and fungal biomass in these aerial 
bags was substantially and statistically significantly 
less than in the ground-surface litter bags (Visser, 
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TABLE 1. Changes in the C:element and some element:element ratios in decomposing aspen and balsam leaf litter 


C:Zn C:Na C:Cu 


Mn: Fe 


C:Mn 


Ca:P 


N:Ca 


Tree 


War S mm QE 1 0 © 
2a 


it 4 | 


Aspen 


CAN. J. BOT. VOL. 56, 1978 


Balsam 


personal communication) which indicated that ac- 
cumulation of N may have occurred and that a 
major portion of this accumulation of N may have 
been caused by nonbiological phenomena, perhaps 
some of those mentioned above. This situation may 
also hold for N dynamics in litter bags on the litter 
surface as well. 

Very little N is released as nitrate until the C:N 
ratio of the organic matter has been lowered 
through decomposition; consequently those plant 
materials with high C:N ratios decompose at a 
slower rate than those with a lower C:N ratio. Fluc- 
tuations in C:N ratios are due primarily to varia- 
tions in the N supply (Tisdale and Nelson 1966): 
when N is deficient, carbohydrates will be depos- 
ited in vegetative cells, causing them to thicken and 
resulting in a higher C:N; when N supplies are 
adequate, proteins are formed from the manufac- 
tured carbohydrates, resulting in less deposited 
carbohydrate, more protoplasm, and a lower C:N. 
N has been reported to decline gradually in amount 
in leaves from the time of leaf maturation to leaf 
senescence (Curlin 1970), and Cragg et al. (1977) 
found a drop of 70% in N concentration in aspen 
leaves during the growing season. 

Lutz and Chandler (1946) reported critical C:N 
ratios for forest soils ranging generally from 20:1 to 
30:1; at ratios greater than this N was immobilized; 
at ratios less than this, N was mineralized. The 
beginning of a decrease in weight of N inaspenafter 
8 months and in balsam after 12 months suggested 
that a process of net mineralization was occurring. 
The C:N ratios at 8 months for aspen and 12 months 
for balsam were below 30:1 for the first time during 
decomposition and had reached the average annual 
C:N ratio for the L layer (Table 3). The weight of N 
per litter bag dropped below the initial weight (at 0 
months) only after 30 months of decomposition in 
aspen and 36 months in balsam. 


Potassium 

K appears to be completely water soluble in 
plants but may combine with some organic com- 
pounds, e.g., be adsorptively bound to proteins 
(Olsen 1948). K is concentrated in the young 
leaves, buds, and root tips but declines gradually 
and substantially in amount from aspen leaf mat- 
uration to leaf senescence (Tew 1970; Cragg et al. 
1977). The principal primary sources of K in forest 
soils are insoluble parent minerals (which, under 
the influence of CO, and water, produce a small 
quantity of exchangeable, plant-available K) and 
easily decomposable inorganic and organic com- 
pounds. 

Lousier and Parkinson (1976) considered dry 
weight loss in decomposing aspen and balsam litter 
and described two major components of this litter 
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TABLE 2. Comparison of mobility series of elements being released from different types of decomposing leaf litter in different 


habitats throughout the world 


Element mobility series* 


Location Vegetation Reference 
Canada Epilobium angustifolium K>P>Mg>Ca>N Krauter 1976 
PUM ITEN OER } K>Na>P>Zn>Mg>Ca>N>Mn>Cu>Fe This study 
Australia Eucalyptus obliqua Na>K>Ca>Mg>P Attiwill 1968 
E. delegatensis K>P>Mg>N>Ca Wood 1974 
U.S.S.R. Russian hardwoods K>P>Mg2Ca Kornev 1959; Remezov 1961; Marchenko 
and Karlov 1963 
Hungary Quercus petraea K>Mg>Na>Zn>Mn>Ca>Fe>N>P Toth et al, 1975 
Q. cerris K>Mg>Na>Zn>N>Mn>Fe>Ca>P Tôth et al. 1975 
Cornus mal K> Mg>Na>Zn>Ca>P>N>Fe>Mn Toth et al. 1975 
Acer campestre Mg>K>Na>Mn>Fe>Zn> Na>Ca>P Tôth et al. 1975 
Germany Fagus forest Mn>K>Ca>P>N>Mg>Fe Ulrich et al. 1971 
Belgium Quercus forest K>P>Mg>N>Ca Rapp 1971 
Carpinus forest K>P>Ca=N>Mg Lemée and Bichaut 1973 
Fagus forest K>Mg>Ca>P>N Lemée and Bichaut 1973 
Quercus forest K>Mg>P>Ca>N Lemée and Bichaut 1973 
U.S.A. Pseudotsuga menziesii K>Ca>N>P Cole et al. 1967 


Juncus effusus 
Quercus forest 
Quercus forest 


Populus tremuloides (50 year old) 


P. tremuloides (120 year old) 
Betula papyrifera (50 year old) 
B. papyrifera (120 year old) 


Na>K>Mg>N>P>Ca 
Ca>Mg>P>N 
K>Mg>P>Ca2N 
K>Ca>Mg>Zn2=P>N> Mn> Fe 
K>Ca>Mg>P>Zn>N> Mn> Fe 
K=Zn> Mn2>Mg2P>Ca>N> Fe 
K>Mg2>Zn2>P2Ca> Mn>N> Fe 


Boyd 1971 

Reiners and Reiners 1970 
Rochow 1975 

van Cleve and Noonan 1975 
van Cleve and Noonan 1975 
van Cleve and Noonan 1975 
van Cleve and Noonan 1975 


Northern hardwoods 
Potamogeton diversifolius 


*Based on rates of loss from decomposing litter or on turnover rates. 


K> Mg> Ca> Mn>Zn>N2P>Ca>Na> Fe 
K>Na>Mn>Zn> Mg> Fe> Ca 


Gosz et al, 1976 
Wohler et al. 1975 


TABLE 3. Average annual C:element and element:element ratios in the soil layers (to a depth of ~8 cm) 


Soil layer CN C:K CP N:P K:P C:Ca N:Ca Ca:P C:Mn C:Mg Mg:P C:Fe Mn:Fe C:Zn C:Na C:Cu 
L 27,2 209 385 13.8 2.1 16 0.6 23.7 5315 232 1.6 463 0.08 1578 11540 48017 
F 19.2 242 328 16.6 1.4 14 0.7 23.1 3239 212 1.5 327 0.10 1045 10695 34086 
H 17.8 115 314 17.5 2.8 14 0.8 21.6 1446 377 1.1 99 0.07 8785 370 29900 
Ah 11.7 18 204 16.9 11.7 43 2.4 7.1 248 166 1.4 7 0.03 380 63 4 022 
Ae 7.5 5 82 10.4 17.2 28 3.2 3.3 129 51 1.8 1 0.01 241 19 1261 


based on the rate of decomposition: a fast decom- 
posing component and a slow decomposing com- 
ponent. The fast decomposing component ap- 
peared to have disappeared within the first 12-18 
months of decomposition. It was during this time 
span that 70-80% of the K in aspen and 80-90% of 
the K in balsam litter were lost. These results were 
consistent with those of Kucera (1959), King and 
Heath (1967), Attiwill (1968), Gosz et al. (1973), 
Wood (1974), and Toth et al. (1975) in various other 
field decomposition studies. Despite the rapid ini- 
tial loss of K, there was some correlation with dry 
weight loss, r = 0.9399 (p = 0.05) for aspen litter 
and r = 0.9040 (p = 0.05) for balsam litter. 

The similar, minimum final concentrations of K 
in aspen and balsam litter, with the twofold differ- 
ence in initial concentrations, may have rep- 
resented a quantity of K that may have been im- 
mobilized by heterotrophs and that may have in- 
deed comprised the heterotroph demand for K 
(Gosz et al. 1973). The slow increase in K concen- 
tration after attainment of minimal levels noted by 
Gosz et al. (1973) and the slight increase at 60 
months noted in the present study may have indi- 
cated the beginnings of larger increases in K con- 
centrations with the depth of the litter in the soil 
profile. The minimum levels of K concentration in 
decomposing aspen and balsam leaf litter were 


found to be less than those in the L layer but very 
similar to those in the F layer (Lousier and Parkin- 
son, see footnote 1). The concentrations of K inthe 
H layer were almost twice as high as those in the F 
layer and indicated some mechanism of K accumu- 
lation in the aspen woodland soil. Stark (1972), 
Todd et al. (1973), Ausmus and Witkamp (1974), 
and Cromack ef al. (1975) have shown that fungal 
hyphae, rhizomorphs, sporocarps, slime molds, 
and actinomycetes concentrated K very readily 
and could thus serve as significant K sinks in the 
soil system. Hinneri (1975) stated also that the bulk 
of the mineral content in macrofungi consists of K. 

C:K ratios followed increase-decrease patterns 
similar to those in the soil layers (Table 3), i.e., 
increases from L to F layers, decreases from F to H 
to Ah layers, explained primarily by the de- 
crease-increase in K concentrations. Because the 
minimum levels of K reached in aspen (after 36 
months) and balsam (after 24 months) litter may be 
considered the heterotroph demand, the critical 
C:K ratios are 290: 1 for aspen and 225:1 for balsam 
litter, 


Phosphorus 

P is a constituent of many compounds in plants 
and, along with N and K, is classed as a major 
nutrient element. However, in most plants, it oc- 
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curs in smaller quantities than do N and K. An 
adequate supply of P early in the life of a plant is 
necessary for the primordial development of its 
reproductive parts. The production of seed is regu- 
lated by the content of stored phosphorus in the 
plant, and seeds are endowed with high concentra- 
tions of P, ensuring normal nutrition of seedlings in 
their initia] stages of development (Wilde 1958). P 
has a high mobility in plant tissues, being translo- 
cated, according to the plant’s needs, from the 
leaves to the growing regions. 

Attiwill (1968) concluded that the loss of P was 
associated with the loss of dry matter throughout 
decomposition, while Gosz et al. (1973) and Toth et 
al. (1975) found that the concentration and amount 
of Pincreased over time. In the present study, there 
was good correlation between dry weight loss and P 
loss (r = 0.9951 for aspen litter, 0.9819 for balsam 
litter, p < 0.05) suggesting that net mineralization 
occurred from the time of burial of the litter bags in 
the field. In the initial states of decomposition, P 
was lost faster from aspen; i.e., after 12 months, 
46% of the P in the aspen litter had been released 
while only 32% of the Pin the balsam litter had been 
lost. This rate of loss suggested a high susceptibility 
of P to leaching processes, even though Ryden et 
al, (1973) showed that P was not readily leached 
through soils. 

Attiwill (1968) emphasized the importance of the 
redistribution of P within the tree before autumn 
leaf fall inthe Australian hardwoods and contrasted 
this with Russian hardwood data (Kornev 1959; 
Remezov 1959), which showed little or no move- 
ment of P from leaves prior to litter fall. Tew (1970) 
showed a decrease in P concentration over the 
growing season but found no change in percentage 
dry weight of P from mid-July to leaf senescence for 
aspen leaves in Utah, and his figure for P concentra- 
tion at leaf senescence was similar to those for 
aspen and balsam at leaf abscission in this study. 
Concentrations of P in aspen leaves at the time of 
leaf abscission from groves in the southern Alberta 
aspen parkland (Dormaar 1971) were found to be 
similar to those recorded by Tew (1970) and in this 
study. Cragg et al. (1977) also found a decrease in P 
concentrations in aspen leaves over the summer in 
the aspen woodland. However, Dormaar (1971) 
showed that P concentration in balsam leaves sub- 
stantially exceeded those recorded in this study. 
Hence, there appeared to be minimal redistribution 
of P in aspen leaves because of approaching leaf 
senescence but possibly a high amount of P translo- 
cation in balsam leaves. Nevertheless, both aspen 
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and balsam leaf litter in this study may have had 
relatively more P to be leached after leaf fall. 

The pattern of P loss did not appear to be consis- 
tent with what might have been predicted from the 
results of the organic layer analyses given in 
Lousier and Parkinson (see footnote 1), i.e., the 
concentration of P increased from the L layer to the 
F, and the weight of P increased from L to the F to 
the H layers. It was possible that several sources of 
P input (e.g., plant reproductive materials, green 
litter fall) may have been excluded by the 3-mm 
mesh size of the litter bags. 

The C:P ratios of the decomposing litter equalled 
those in the L layer only after 30-36 months’ de- 
composition of aspen litter and 36-48 months for 
balsam litter. Whereas the C:P ratios of the soil 
layers decreased with depth (Table 3), those in 
decomposing litter increased, even after the L layer 
levels had been achieved. Because P is such an 
essential element for biological activity and be- 
cause mineralization appeared to begin at the time 
of litter fall, the critical C:P value is about 230:1 for 
both aspen and balsam leaf litter. 

P is often limiting to vegetative growth and thus 
must be recycled quickly. The recycling of P may 
thus have an effect on or reflect the recycling of 
other elements; if this is so, it will be reflected in 
P:element ratios (Gosz et al. 1973). The N:P ratios 
increased throughout the course of the study and 
reached L layer levels after the same time intervals 
as C:P ratios. L layer N:P ratios were slightly less 
than those in F, H, and Ah layers. The N:P results 
disagreed somewhat with those of Goszet al. (1973, 
1976) who found a correlation between the N and P 
in decaying litter, indicated by similar N:P ratios in 
the decomposing litter, litter fall, the soil layers, net 
stemflow, and throughfall. These authors also 
found a highly significant positive correlation be- 
tween N and P concentrations for litter from all the 
species of tree studied. The present study indicated 
a negative correlation (0.10 > p > 0.05) between N 
and P concentrations in decomposing litter. P may 
be extremely limiting in the Kananaskis site, and, 
hence, be in high demand, and may be recycled 
very quickly either within the soil and litter or- 
ganism biomass or within regular nutrient path- 
ways, or both. Barsdate ef al. (1974) concluded that 
the cycling of P was not directly linked to the cy- 
cling of carbon, and grazed microbial systems cy- 
cled P faster than nongrazed systems. 

K:P ratios in the decomposing litter first de- 
creased (as in the transition from L to F layers) and 
then increased (as in the progression from F to H 
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layers). P appeared to be more closely related to 
dry weight loss than did the more rapidly released 
K. 


Calcium 

Calcium is not a major nutrient element but is 
required by all higher plants. A large portion of the 
Ca found in many trees is located in the leaves and, 
in some Species, is precipitated in the cells as salts, 
e.g., carbonate and oxalate. Ca is necessary for 
plant growth and imparts rigidity to the cell wall 
(Uhrstrom 1969) and is also found as a structural 
constituent of the middle lamella (Tisdale and Nel- 
son 1966). The amount of Ca increases in the leaves 
throughout the growing season and is retained until 
major structural breakdown of the leaves occurs 
(Burges 1956; Tew 1970). Cragg et al. (1977) found 
a 127% increase in Ca concentration in aspen leaves 
over the course of the growing season. 

There may be a direct relationship in soils be- 
tween Ca and ion uptake in general (Tisdale and 
Nelson 1966; Jorgensen and Wells 1973), and Ca in 
the soil tends to overcome the injurious effects of 
higher levels of Na, K, Mg, Al, and Mn (Wilde 
1958). Although most of the forest soil Ca exists 
in fairly insoluble inorganic forms, substantial 
amounts (up to 40%) exist in exchangeable form in 
the colloidal complex. As a result of the relatively 
high amounts of Ca in their litter, many hardwoods 
favour accumulation of this element in the surface 
soil to a greater extent than do most conifers (Al- 
way et al. 1933). Ca held in exchangeable form is 
highly mobile and is readily replaced by H*, and, 
consequently, can be readily leached from the sur- 
face organic layers (Lutz and Chandler 1946; Mc- 
Lean 1975). A high content of Ca in the litter in- 
creases the amount of exchangeable Ca in the soil, 
reduces soil acidity, favours the development of 
mull humus layers, and stimulates the activity of 
the soil flora and fauna (Lutz and Chandler 1946; 
Jorgensen and Wells 1973). Ca was the most abun- 
dant cation measured in the aspen soil and in the 
decomposing litter. This was understandable be- 
cause the bulk of the mountain material in the area 
is limestone, which predominates in the parent 
material of the soils of the region (Kirby 1973). 

Will (1967), Attiwill (1968), Thomas (1960, 1970), 
and Gosz et al. (1973) indicated that Ca was less 
susceptible to leaching than K or Mg and that de- 
composition was responsible for most of the Ca 
loss, 1.e., the loss pattern of Ca was similar to dry 
weight loss patterns of the leaf tissue. Toth et al. 
(1975) found accumulation of Ca or very slow re- 
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lease of Ca with time in oak forest leaf litter, and the 
present study indicated similar Ca loss dynamics: 
loss patterns unlike those for the dry weight loss 
(i.e., C:Ca ratios decreasing for the first 48 months 
of decomposition) and a poor correlation (r = 
0.56-0.60, p = 0.05) between Ca weight loss and 
dry weight loss. Ca was concentrated for 48 months 
in both types of leaf litter but to a greater degree in 
aspen litter. Consequently, the weight of Ca in the 
litter bags dropped below the initial levels sooner in 
balsam (after 18 months) than in aspen (after 36 
months). The concentrations attained in the aspen 
litter were in some cases 30% greater than those in 
the L, F, and H soil layers, whereas the concentra- 
tions of Ca in the balsam litter were similar at the 
various stages of decomposition to those in the L, 
F, and H layers (Lousier and Parkinson, see foot- 
note 1). 

Wood (1974) attributed an increase in Ca concen- 
tration in leaf litter in some cases to differential 
removal by leaf-feeding invertebrates of tissues of 
relatively low Ca concentration but this could not 
explain the present increases in weights of Ca. The 
aspen site lacked such leaf-feeding organisms 
(Mitchell 1974; Carter 1975) so one must consider 
such external sources of Ca as dust, precipitation, 
and weathering of parent material as important 
sources of Ca in an area with a preponderance of 
limestone material. Several studies have shown 
that considerable amounts of Ca can be added to the 
soil by precipitation and foliar leaching (Attiwill 
1966; Carlisle et al. 1966, 1967; Duvigneaud and 
Denaeyer-de Smet 1967, 1970; Ovington 1968), and 
Thomas (1969) noted that most of Ca leached from 
the canopy was retained in the litter layer and not 
leached through to the mineral soil. Stark (1972), 
Todd et al. (1973), and Cromack et al. (1975) noted 
the role of some fungal structures in concentrating 
Ca; Stark (1972) indicated that such accumulated 
elements were not susceptible to leaching from live 
or dead intact structures and Cromack et al. (1975) 
provided an hypothesis accounting for ecosystem 
cycling of Ca in basidiomycetes. 

The C:Ca ratios in the L, F, and H layers were 
similar (Table 3) and the ratios in the decomposing 
leaf litter reached these levels after 8-12 months. 
The increase in the C:Ca ratios at 60 months was 
consistent with the pattern in the soil which showed 
increases from the H to the Ah layers. The critical 
C:Ca levels were not apparent because of the abun- 
dance of Ca. N:Ca ratios fluctuated little over the 
60-month period, except that at 60 months for bal- 
sam, the N:Ca ratios almost doubled to the level 
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found in the H layer. This seemed to indicate a 
N-Ca relationship similar to the N-P relationship 
described by Gosz et al. (1973); however, it appears 
that no biological conclusions can be drawn from 
what may simply be a coincidental N—Ca relation- 
ship. Ca:P ratios might have been expected to be 
fairly stable because of the literature correlations of 
both elements with dry weight loss, but because of 
the continual release of P an increase was ob- 
served. Ca:P levels in decomposing litter reached 
those of the soil L, F, and H layers (L =F = H) after 
12 months in aspen and 24 months in balsam. 


Manganese 

Cragg et al. (1977) found the Mn increased in 
concentration in aspen leaves over the growing 
period. Toth er al. (1975) showed an increase in 
concentration of Mn but generally a slight decrease 
in weight of Mn during decomposition. Gosz et al. 
(1973) found that the concentrations and amounts 
of Mn generally decreased during decomposition. 
The results in this study contradicted those data 
and suggested very similar patterns of accumula- 
tion for Mn and Fe. These elements are somewhat 
similar in function in plant tissues (e.g., enzyme 
activation) and many of the conditions influencing 
the availability of the reduced forms of Mn and Fe 
are similar (Alexander 1967). The rate of accumula- 
tion of Mn was probably governed by many of the 
same variables as was the rate for Fe, and the 
exogenous sources of Mn appeared to be similar. 

The concentration of Mn in the soil layers in- 
creased 50% from L to F, doubled from the F to the 
H layers, and doubled from the H to the Ah layers 
(Lousier and Parkinson, see footnote |), so an in- 
crease in Mn concentration with time in decompos- 
ing litter was expected. Mn appeared to be ac- 
cumulating faster in the litter bags than inthe L or F 
layers in the soil, reaching L and F layer concentra- 
tions in 18 and 36 months respectively. The C:Mn 
ratios in the litter reached the L layer levels at 18 
months and the F layer levels at 30-36 months. 
Accumulation of Mn was positively but nonsig- 
nificantly (p > 0.10) correlated with dry weight loss 
in aspen litter and positively and significantly (p = 
0.05) correlated with dry weight loss in balsam lit- 
ter. Stark (1972) found only slight accumulation of 
Mn in fungal material, namely rhizomorphs and 
slime molds. Byrne er al. (1976) reported that Mn 
was not accumulated by macrofungi, and Mn re- 
quirements of fungi have been concluded to differ 
from those of vascular plants (Cochrane 1958). 


Magnesium 
The Mg concentrations recorded in decomposing 


. VOL. 56, 1978 


aspen and balsam litter, although fairly stable for 
most of the 60 months, were consistently and sub- 
stantially higher than those in the soil layers and the 
final concentrations were higher than the initial 
concentrations of Mg. The only period when Mg 
increased in concentration or weight was over the 
winter suggesting higher Mg contents in snow. 
However, these increases were usually followed by 
immediate, and sometimes equal, decreases, prob- 
ably due to leaching. Wood (1974) found higher Mg 
concentrations in litter in small mesh bags, so these 
litter bags perhaps cause Mg to be concentrated in 
the litter within. 

Attiwill (1968) found Mg loss similar in pattern to 
Ca loss, viz., more or less similar to the rate of dry 
weight loss. Gosz er al.(1973) and Toth et al. (1975) 
suggested that the Mg loss pattern was much like 
that of K: a very rapid loss (up to 80%) in the first 6 
months of decomposition. Wood (1974) reported 
that variations in concentration of Mg were not 
correlated with rate of decomposition, or with rain- 
fall, temperature, soil organic carbon, and soil pH. 
The results of the present study indicated that Mg 
loss was more Similar to P loss. Despite its relative 
leachability (Attiwill 1968; Tukey 1970), Mg was 
not as leachable as K and was therefore not re- 
leased as rapidly. Mg loss was correlated positively 
but not strongly (r = 0.8937 for aspen, 0.8845 for 
balsam, p = 0.05) with dry weight loss. After 12 
months, 20% of the original Mg in aspen had been 
released but none of the Mg in balsam had been 
lost. After 24 months, the percentages were aspen 
30%. balsam 10%; after 60 months, aspen 60%, 
balsam 45%. 

Tew (1970) found that Mg concentrations in 
aspen leaves increased over the growing season 
while Cragg et al. (1977) showed a 20% decrease in 
Mg concentration from June to late August and a 
70% increase from late August to late September. 
Attiwill (1968) maintained that 36% of the Mg in 
leaves was withdrawn before leaf fall and Ca was 
immobilized in plant parts prior to litter fall. Be- 
cause much of the leaf Mg in plants is organically as 
well as inorganically bound (De Kock 1958), there 
may have been a Mg immobilization in aspen and 
balsam leaves before litter fall. This could account 
for the Mg loss patterns shown in Fig. 1, i.e., less 
leachable Mg and slower decomposition release of 
Mg. Mg does not seem to be accumulated as readily 
by fungi as some of the other elements, although 
Mg has been found to accumulate in rhizomorphs 
(Stark 1972) and basidiomycete mycelia (Burges 
1956), and fungi have high Mg requirements for 
metabolism and growth (Cochrane 1958). Con- 
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sequently, there may be less of a heterotroph de- 
mand for Mg than other elements in the aspen soil 
system. 

The C:Mg ratios in the decomposing litter did not 
reach the levels recorded in the soil layers (Table 3) 
because of the elevated Mg concentration in the 
litter. However, the levels in the L and F layers 
were similar and the C:Mg ratios followed this pat- 
tern generally throughout the study period. The 
minimum concentrations of Mg indicated that the 
critical C:Mg ratio was 209: 1 for aspen and 170:1 for 
balsam litter. Mg and P have some important 
physiological corelationships in plants (Miller 1957; 
Wallace and Mueller 1962) and should perhaps re- 
tain some of this corelation in the litter and soil. 
Mg:P ratios in the soil layers were reasonably con- 
stant with depth but increased up to threefold in 
decomposing litter to levels about twice those in the 
soils, indicating a faster release of P than Mg. All 
these discrepancies were due to the higher Mg con- 
centrations in the litter; no explanation was obvi- 
ous as to why they were higher. 


Tron 

The amount of Fe in forest soils depends on the 
nature of the parent material and the climatic condi- 
tions under which the soils developed. Fe occurs in 
forest soils as primary minerals and as anhydrous 
and hydrous oxides in the colloidal complex. Fe is 
relatively immobile and the amount of Fe present in 
exchangeable form depends on soil pH and on con- 
ditions of oxidation and reduction. It is probable 
that most forest soils have sufficient supplies of 
available Fe for most of the deep-rooted vegetation 
(Lutz and Chandler 1946). 

It has been found that Fe increased in concentra- 
tion in growing aspen leaves (Cragg et al. 1977). Fe 
accumulation in soil and litter layers is dependent 
primarily on microbial activity (Gosz et al. 1973). 
The rate of Fe accumulation in decomposing leaf 
litter will vary greatly with source, form, micro- 
biological activity, pH, and other environmental 
conditions (Gosz et al. 1973). There are various 
sources of Fe that could have produced the ac- 
cumulation patterns in the aspen and balsam litter: 
foliar leaching, dust, green litter fall, weathering of 
parent material, upward percolation during the 
very wet periods in the soil, and interactions with 
low molecular weight organic acids and humic and 
fulvic acids. 

The patterns of increase in concentration and 
amount of Fe were expected because Fe increased 
in concentration and amount with depth in the soil 
layers (Lousier and Parkinson, see footnote 1). Fe 
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concentrations and C:Fe ratios in the decomposing 
litter reached L layer levels only after 60 months. 
C:Fe generally decreases throughout 60 months of 
decomposition in both litter types. No critical val- 
ues are apparent because Fe accumulates through- 
out the study period. Soil Mn:Fe ratios were similar 
in the L, F, and H layers but decreased sharply in 
the Ah. After a sharp drop after 5-8 months of 
decomposition, the Mn:Fe ratios in the leaf litter 
were similar for the remainder of the study period, 
indicating a more rapid initial accumulation of Fe 
than Mn but similar rates of accumulation through- 
out the bulk of the study period. Gosz et al. (1973) 
stated that the leaves of species more susceptible to 
decomposition accumulated more Fe than those 
less susceptible. In the present study, the balsam 
leaves accumulated more Fe than did aspen leaves 
but had a lower rate of dry weight loss. Accumula- 
tion of Fe inaspen and balsam leaves was positively 
and significantly (p = 0.05) correlated with dry 
weight loss (r = 0.9748 for aspen, 0.9402 for bal- 
sam). Fe has been found to accumulate slightly in 
fungal sporocarps and slime molds, very heavily in 
rhizomorphs (Stark 1972), and in bacteria (Patrick 
and Loutit 1972). Cromack et al. (1975) found no 
accumulation of Fe in fungal vegetative or repro- 
ductive structures, and Hinneri (1975) reported the 
Fe content of macrofungi to be similar to that of 
higher plants. 


Zinc 

This element showed no differences between 
species except that the weight of Zn had dropped 
below the initial value by 48 months in aspen and 
after 48 months in balsam litter. While Zn concen- 
trations doubled after 48 months, the amounts of Zn 
were constant for 48 months in both types of litter. 
Gosz et al. (1973) found about a 1.5- to 2-fold in- 
crease in weight of Zn in decomposing leaf litter of 
two of three species of tree while the third showed a 
net release of Zn from the time of deposition of the 
litter bags in the field. The third tree, yellow birch, 
was a Zn accumulator and its litter had amounts of 
Zn in excess of the Zn demand in the litter and soil 
layers. On the other hand, Toth et al. (1975) found 
concentrations and amounts of Zn fluctuated 
greatly over 12 months and attributed this to the 
interactions of leaching, increased microbial ac- 
tivities, and exchange capacities. Data from Cragg 
et al. (1977) showed an increase in Zn concentra- 
tions in aspen leaves over the summer. The C:Zn 
ratios of freshly fallen litter were similar in aspen 
and balsam, indicating, in comparison with data 
from Gosz et al. (1973), that there may have been 


2806 


some Zn accumulation in green aspen and balsam 
leaves, but perhaps not enough to fulfill the hetero- 
troph Zn demand. C:Zn ratios decreased until 48 
months and then increased dramatically in aspen 
and balsam, paralleling the pattern of change from 
the L to Fto H layers inthe woodland soil (Table 3). 
Critical C:Zn values were not apparent but prob- 
ably would be greater than 3000:1 for aspen litter 
and 4000: 1 for balsam litter. The pattern of concen- 
tration change paralleled those in the soil layers 
(Lousier and Parkinson, see footnote 1). The pro- 
cess of Zn accumulation has been reported to occur 
in fungal hyphae, rhizomorphs and sporocarps, and 
slime molds (Stark 1972; Todd et al. 1973; 
Cromack ef al. 1975), and bacteria (Patrick and 
Loutit 1972). Zn has been considered to play an 
important role in several fungal metabolic pro- 
cesses (Cochrane 1958) and has been reported as 
the most abundant biologically significant trace 
element in macrofungi (Hinneri 1975) and the most 
readily accumulated trace element by these fungi 
(Byrne et al. 1976). 


Sodium 

Na is not generally thought to be an essential 
element in plant nutrition (Cromack ef al. 1975); the 
Na content of plants is very low, regardless of the 
amount of Na in the soil (Miller and Flemion 1973). 
The Na contents of aspen and balsam leaves were 
low, as were those for Mn and Cu, and thus were 
difficult to detect accurately. The results were 
probably influenced more by plant chemical vari- 
ability than by temporal or spatial variation due to 
decomposition. 

Attiwill (1968) and Tôth et al. (1975) found that 
Na was readily leached from decomposing litter, in 
fact as readily or more readily leached than K. 
Tukey (1970) reported that Na was readily leached 
from living plant tissue. Cragg et al. (1977) showed 
that Na increased in concentration (~50%) from 
June to late August but then decreased by 72% from 
late August to leaf abscission. Tew (1970) also mea- 
sured an increase of Na concentration in aspen 
leaves, but over the entire growing season. There 
was, however, an order of magnitude difference 
between Tew’s (1970) measurement of Na concen- 
tration at leaf senescence and the measured con- 
centration of Na in leaves at leaf fall in this study. 
This was probably due to site differences, translo- 
cation of Na within the trees (Attiwill 1968), and 
(or) heavy losses through leaching at the time of leaf 
abscission. Na concentration in the decomposing 
litter attained the Land Flayer concentrations after 
30 months of decomposition. Soil Na concentra- 
tions remained low in the L and F layers but in- 
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creased 20-fold in the H layer and doubled from the 
H to Ah layers (Lousier and Parkinson, see foot- 
note 1). Gosz et al. (1976) also found Na to increase 
in the H layer. At 60 months decomposition the 
litter concentrations of Na had begun to register 
this expected increase. 

Although Na proved to be highly leachable in 
these decomposition studies, the pattern of loss 
was quite different than that for K. The accumula- 
tion of Na over the first winter, beginning at zero 
time for aspen litter and after | month of decompo- 
sition in balsam litter, could possibly be attributed 
to Na input from rain, snow, and dust and to some 
lag in the release from the litter of Na to be leached. 
Perhaps the fall-spring diurnal freeze-thaw cycles 
are necessary to initiate large leaching losses of Na 
from plant litter. The winter accumulation phe- 
nomenon seemed to be restricted to fresh litter 
because no accumulation was noted at 12-18 
months of decomposition (second winter). After 
the accumulation (after 5 months of decomposition) 
there was an immediate drop in weights of Na: 70% 
of the accumulated levels after 8 months and 85% 
after 18 months in aspen litter; 40% of the accumu- 
lated levels after 8 months and 70% after 18 months 
in balsam litter. Compared with the initial Na 
weights, the losses were 60 and 80% after 8 and 18 
months respectively for aspen, and 0 and 40% re- 
spectively for balsam. The processes of net ac- 
cumulation began again after 18 months, but more 
dramatically in aspen than in balsam. This process 
may have been effected by greater numbers of or- 
ganisms, particularly saprophages (Reichle 1971; 
Carter 1975) and microorganisms, and (or) Na con- 
tained in precipitation, stemflow, and throughfall. 
Stark (1972) and Cromack ef al. (1975) provided 
evidence identifying accumulation of Na by fungal 
rhizomorphs and sporocarps, even though Na is a 
nonessential element for fungi. Reichle (1971) re- 
ported Na concentrations in saprophages 17 times 
that in Jeaves, and Na is probably made more read- 
ily available to these invertebrates through ac- 
cumulation first in the fungi. 

C:Na ratios fluctuated considerably and after 60 
months of decomposition were between the values 
of the F and H layer ratios. The minimum concen- 
trations of Na indicated that critical C:Na values 
ranged from 33400:1 for aspen to 21600:1 for 
balsam litter. 


Copper 

Gosz et al. (1973) reported a general increase in 
Cu concentrations throughout the first 12 months of 
decomposition. Cu has been found to be firmly 
chelated by soil organic matter and accumulated in 
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TABLE 4. The effects of site aspect on elemental change (all figures in milligrams per gram) and C:N for aspen leaf litter 


Time, 

Aspect months C H N C:N Ca Mg Cu Fe K Mn Na Zn P 

North 0 492,9 61.0 10.5 46.9 22 2.6 0.006 0.07 7.4 0.05 0.04 0.22 2.2 
12 482.9 58.0 12.5a 38.6ab 35a 2.9 0.008 0.73ab 2.0a 0. 1la 0. 14a 0.31a 1.la 
24 486.8 58.7 12.5 38.9 33 2.7 0.007 0.68 1.9 0.11 0.12 0.29 1.1 
36 474.4b 56.6 14.85 32. lab 35 2.2 0.009 0.61b 1.6 0.13ab 0.10ab 0.276 1.1 

South 0 492.9 61.0 10.5 46.9 22 2.6 0.006 0.07 7.4 0.05 0.04 0.22 2:2 
12 491.8 59.2 14.3a 34.4ab 35a 2.2 0.010 0.63ab 1.7a O.1la 0.13a 0.33a 1.0a 
24 491.4 58.5 13.9 35.4 35 2.3 0.010 0.59 1.7 0.10 0.14 0.37 1.0 
36 441.9ab 53.6a 18.0ab 24. 6ab 36 2.1 0.011 0.81ab 1.7 0.20ab 0. 19ab 0. 40b 1.2 


Note: a, significant change with time within aspect (p = 0.05); b, significant difference at a given time betwecn aspects (p = 0.05). 


the surface soil layers in forests (Stone 1968). In the 
soil layers in the aspen soil, Cu concentrations in- 
creased only slightly from L to F to H, but tripled 
from H to Ah, thus being accumulated only in the 
layer (Ah) with the lowest amount (10%) of organic 
matter. 

Cu was the least abundant element studied in the 
aspen and balsam litter. The Cu concentrations in 
aspen and balsam were generally constant for the 
first 36-48 months and then increased to levels 
approaching those in the Ah. Accumulation of Cu 
occurred only in balsam litter; perhaps the balsam 
leaves, being more robust than aspen leaves, re- 
tained structural integrity longer and were able to 
chelate Cu more readily. Leaching appears to have 
been inconsequential as an agent of Cu release, 
although Cu concentrations in green aspen leaves 
decreased during the summer by more than 50% 
(Cragg et al. 1977). The primary source of Cu might 
have been the parent material. Cu has been re- 
ported to be accumulated by sporocarps (Stark 
1972; Cromack et al. 1975), rhizomorphs and slime 
molds (Stark 1972), macrofungi (Hinneri 1975: 
Byrne et al. 1976), bacteria (Patrick and Loutit 
1972), and invertebrates (Wieser et al. 1976). 

C:Cu levels in decomposing aspen leaves gener- 
ally followed the decreasing pattern of C:Cu in the 
soil layers but there were some wide deviations 
from the pattern. L layer C:Cu levels were reached 
in decomposing aspen litter after 8 months. Balsam 
litter C:Cu ratios adhered more closely to the de- 
creasing pattern and the C:Cu ratio after 60 months 
had reached H layer levels. Critical C:Cu ratios 
were not readily apparent but probably reached 
100 000 : 1 and 75000: 1 for aspen and balsam litter 
respectively. 


Effect of Site Aspect 

Table 4 briefly shows a comparison of some ele- 
mental concentrations in aspen leaf litter that had 
all been collected during leaf fall at the same site 
(i.e., the main aspen site (see Lousier and Parkin- 
son 1976)) but which had been placed out in litter 
bags for 12, 24, and 36 months in sites of different 
aspect (1.e., the auxiliary aspen plots (see Lousier 


and Parkinson 1976)). After 36 months, the concen- 
tration of C was lower in litter placed on south- 
facing sites and the concentration of N was higher 
in the same litter, giving a significantly lower C:N 
ratio. The other elements affected (Fe, Mn. Na, Zn) 
all had significantly greater concentrations after 36 
months of decomposition in the aspen litter placed 
on southern slopes than that placed on the northern 
slopes. 

The lower C:N ratios in litter on the south-facing 
slopes indicated a greater dry weight loss than on 
northern slopes; these results were verified in 
Lousier and Parkinson (1976). The four other ele- 
ments affected were all elements that were accumu- 
lated toa great degree. The concentrations of these 
elements in the north-facing sites may have been 
affected by several factors: closer proximity to the 
dusty road, prevailing winds, and slower nutrient 
release (lower dry weight loss, lower soil tempera- 
tures, possibly lower levels of microbial activity). 
Leaching effects appeared not to have been 
influenced although soil and litter moisture levels 
were usually significantly (p = 0.05) higher on the 
north-facing slopes (unpublished data). Immobili- 
zation appears to be controlled mainly by tempera- 
ture as long as moisture conditions are adequate 
(Witkamp 1969a). 


Elemental Change in Aerial Bags 

Table 5 gives the chemical analyses of aspen leaf 
litter in aerial bags after 3 months (midwinter) and 
10 months in the field. Moisture contents and fungal 
growth in the aerial bags were very substantially 
and significantly lower than those in the litter bags 
on the forest floor (S. Visser, personal communica- 
tion). From visual observations, it appeared as if 
little physical change had occurred after 10 months, 
i.e., little apparent decomposition. However, no 
estimate of dry weight loss was possible for the 
aerial bags. 

N, Ca, Mn, and Zn concentrations increased, P, 
K, and Mg concentrations decreased, Na and Fe 
concentrations increased at 3 months and then de- 
creased, and Cu concentration decreased at 3 
months and then returned to the initial level. In the 
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TABLE 5. Changes in concentrations of elements (milligrams per gram) and C:N in decomposing aspen litter in aerial bags 


Time, 

months C H N C:N Ca Mg Cu Fe K Mn Na Zn P 
0 497.2 62.0 9.8 50.7 22.5 2,7 0.030 0.18 9.3 0.04 0.18 0.78 0.9 
3 497.0 61.4 10.7 46.4 24.6 2.6 0.020 0.36 6.1 0.05 0.22 0.45 0.7 
10 485.3 59.2 15.2 31.9 32.2 2.0 0.032 0.30 1.8 0.08 0.12 0.74 0.4 


soil surface litter bags, however, Mg concentra- 
tions Were generally constant, Fe concentrations 
increased continually, and Cu concentrations were 
constant for 48 months before increasing. 

Anderson (1973a) found that most of the dry 
weight loss from litter in aerial bags was accounted 
for by leaching and that the moisture content ofthe 
aerial bags was usually less than 10%. allowing only 
minimal levels of microbial activity. The dry weight 
loss recorded by Anderson (19734) was, however, 
substantial. The annual precipitation totals for the 
Kananaskis area and the Blean Woods National 
Nature Reserve were similar, and one could 
perhaps assume that dry weight losses in the aerial 
bags in the Kananaskis region would approach the 
initial weight of the readily leached component, W, 
(Lousier and Parkinson 1976, Fig. 4), of aspen 
leaves, i.e., about 20% after 10 months’ decomposi- 
tion. 

After 10 months, the concentration of N was up 
95% over the initial value, Ca 43%, Fe 65%, Mn 
105%, and Zn 64%. Thus it was obvious that these 
five elements accumulated in weight in the aerial 
litter bags over the course of 10 months; the sources 
of this accumulation have been discussed earlier. 
Mg concentrations declined 23%, K 80%, Na 36%, 
and P 56% after 10 months, the decreases being 
attributable primarily to leaching. Cu appeared to 
be leached significantly in the first 3 months but 
then started to accumulate. 

Aerial bags of Epilobium angustifolium L. leaves 
produced results similar to those in this study 
(Krauter 1976). After 52 weeks, 90% of the K and P 
and 70% of the Mg had been leached, while Ca had 
accumulated to levels about 25% above the initial 
weight. The concentration of N decreased for 26 
weeks but by 52 weeks had increased to levels 
above the original; the weight of N, however, re- 
mained relatively constant. Because there was a 
40% dry weight loss over 52 weeks, the C:N ratio 
dropped from 64:1 initially to 29:1. 

Anderson (1973a) stressed that leaching pro- 
cesses may be accentuated in aerial bags as a result 
of more frequent wetting and drying of the litter and 
by higher temperatures. This would appear to be a 
function primarily of the wettability of the dry 
leaves. Visual observations showed that the cuticle 


on the aspen leaves in aerial bags was mainly still 
intact after 10 months (S. Visser, personal com- 
munication), suggesting a lower wettability of the 
aspen leaves and less significant structural change 
due to wetting and drying than Anderson (1973a) 
proposed. Thus, only the periods of heaviest pre- 
cipitation (long periods of continuous but light rain- 
fall or shorter periods of heavy rainfall), as Wit- 
kamp and Olson (1963) indicated, could be sig- 
nificant (in terms of dry weight loss and leaching) to 
the ‘slow-to-wet,’ bagged aspen leaves. 


Components of Elemental Change 

The results of the elemental change over time 
studies in decomposing leaf litter can be integrated 
into the large-scale considerations of the aspen 
woodland site as a whole, starting with the figures 
for elemental input in leaf fall given in Lousier and 
Parkinson (1976). Such integration can provide 
some information on the net transfer of elements in 
decomposing leaf litter, i.e., when there is a net loss 
of element, through either leaching or decomposi- 
tion or both, and when there is a net gain of ele- 
ment. This is shown in Fig. 2 for all the elements 
studied in aspen leaves only. Inputs from balsam 
leaves were much lower but the patterns for the two 
species were similar. 

The calculations were made according to Gosz et 
al. (1973) and involved the same assumptions. Ba- 
sically, the total element loss curve represents net 
leaching loss + net decomposition loss — net ac- 
cumulation. The balance between these three ele- 
mental flow parameters is continually changing 
(Witkamp 1969a, 1969), influenced by microbial 
community structure (Jansson 1958), activity and 
nutrient demand of the soil and litter organisms, 
environmental conditions regulating organism ac- 
tivity, plant species differences in tissue palatabil- 
ity and nutrient content, and differences in nutrient 
mobility (Gosz et al. 1973). The amount of element 
measured at any given time during decomposition 
is a manifestation of all these interactions. 

Comparing the weights of elements at 60 months 
with those at 0 months of decomposition showed 
that the weight of K had decreased 88%, P 84%, Zn 
70%, Mg 60%, Ca 36%, and N 31%, and that the 
weight of Na had increased 16%, Mn 35%, Cu 80%, 
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Fic. 2. The net transfer of chemical elements during the decomposition, over the first 60 months, of the annual increment of 


aspen leaf litter. 


and Fe 516%. Leaching processes predominated in 
the autumn and spring with net leaching losses 
being recorded only at these times. While spring 
leaching may have accounted for greater leaching 
losses for some elements (particularly during the 
first spring), more elements were affected by leach- 
ing in the autumn months. Net decomposition loss- 
es occurred with equal frequency during the au- 
tumn and spring, slightly less in the winter months, 
and much less often in summer. The spring and 
summer months were the periods of most frequent 
net elemental accumulation, while the autumn and 


winter months were slightly less amenable for net 
accumulation processes. While the processes of 
leaching, decomposition, and accumulation may 
not appear to be always balanced in decomposing 
leaf litter, they are so in terms of the overall func- 
tioning of the soil organic layer in elemental con- 
servation and cycling. Large leaching losses in the 
initial stages of litter decomposition do not mean 
losses to the ecosystem; the elements leached from 
surface litter are for the most part being accumu- 
lated biologically and (or) physicochemically in the 
lower organic layers, e.g., F and H. 
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Elemental Loss Models 

Minderman (1968) suggested that the losses of 
the separate chemical constituents of decomposing 
litter may conform to a negative exponential func- 
tion while total dry weight losses do not. The dry 
weight losses during the Ist year after leaf fall are 
large and cannot be fitted into the prediction of 
organic matter accumulation using a negative ex- 
ponential function. 

Results in Lousier and Parkinson (1976) indi- 
cated that the dry weight loss data from the decay- 
ing aspen and balsam leaf litter could be readily 
analyzed with the ‘improved’ negative exponential 
decomposition model of Bunnell and Tait (1974). It 
was also suggested that such a model may be most 
applicable to ecosystems with a low annual rate of 
litter decomposition, an absence or low incidence 
of litter comminution, and an easily determined 
leachable component. Krauter (1976) found that 
the dry weight loss data for Epilobium angus- 
tifolium leaves and stems in the same site were best 
described by a linear function (r > 0.95, p < 0.001). 
It is interesting, then, to compare the behaviour of 
the separate chemical elements and their rate of 
release with total dry weight loss, i.e., do elements 
follow a two-component loss pattern, a linear pat- 
tern, or no apparent pattern in decomposing leaf 
litter. 

P, K, and Mg were shown to have some degree of 
correlation with dry weight loss in aspen and bal- 
sam litter, and the graphs in Fig. 1 suggested the 
possibility of a two-component loss pattern for 
these elements. Plotting the percentage of initial 
weight remaining on a logarithmic scale and regres- 
sion analyses produced the following results: losses 
of K and P followed the two-component exponen- 
tial loss pattern described by Bunnell and Tait 
(1974), while Mg losses showed no evidence of a 
two-component pattern; in fact, Mg followed a 
linear loss pattern (p < 0.005). Regression analyses 
of the behaviour of N, Ca, Mn, and Fe over time 
indicated that, for all these elements, accumulation 
patterns as well as loss patterns were linear (p < 
0.05). 

Further regression analyses of Krauter’s (1976) 
chemical element loss data produced similar re- 
sults: K and P loss patterns were linear (p < 0.95) or 
two-component, Mg loss was linear (p < 0.0005), 
and Ca accumulation was linear (p = 0.05). The 
two-component patterns were evident primarily in 
some of the aerial bags, where biological activity 
would have been considerably less and most losses 
could have been caused by leaching. 

Modelling elemental loss data (such as those 
gathered, for example, in this study, Krauter 
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(1976), Toth er al. (1975), and Gosz et al. (1973)) has 
as its major limitation the situation in which the 
data were time series of the standing crops of ele- 
ments in litter decompositing within litter and soil 
layers. None of the data represented an actual por- 
tion of the initial weight of element; rather, they 
measured the net manifestation of several process- 
es: losses caused by leaching and decomposition, 
and accumulations caused by physicochemical 
mechanisms and biological activity. To overcome 
this limitation one must monitor all elemental in- 
puts and outputs to and from the soil-litter subsys- 
tem and all leaching, decomposition, translocation, 
and accumulation rates within the subsystem; it is 
logistically a very difficult task. 
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